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SpermatogenesisNucleocytoplasmic transportmediated by importin proteins is central tomany developmental processes, such as
precisely regulated germ cell differentiation during spermatogenesis. Here we examine for the ﬁrst time the
dynamic association of importins with cargo during two successive spermatogenic stages: meiotic pachytene
spermatocytes and haploid round spermatids of the adult rat testis. Immunoprecipitation followed by mass
spectrometry yielded the ﬁrst non-biased identiﬁcation of proteins selectively interacting with importin α2,
α3 and α4 in each of these cell types. Amongst the 22 novel importin binding proteins identiﬁed, 11 contain a
predicted classical nuclear localization signal (cNLS) for importin α binding using a new algorithm (Kosugi et
al. [22]), although only 6 of these have known nuclear functions. An importin α2-immunoprecipitated protein
with a key nuclear role in meiosis, structural maintenance of chromosomes 6 (SMC6), contained a predicted
bipartite NLS that was shown to be preferentially recognized by importin α together with importin β1. In
contrast, the predicted cNLS of synovial sarcoma, X breakpoint 2 interacting protein (SSX2IP) was found not to
confer either nuclear accumulation or direct binding to importin αs, implying that NLS prediction algorithms
may identify cryptic importin binding sites or require additional reﬁnement to increase their accuracy. Unbiased
identiﬁcation of importinα binding proteins in cellular differentiation represents a powerful tool to help identify
the functional roles of importin αs.
Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.1. Introduction
Spermatogenesis is the highly specialized process of male germ cell
differentiation that occurs in three phases: mitotic proliferation of sper-
matogonial stem cells and spermatogonia, meiosis by spermatocytes
and differentiation of haploid spermatids during spermiogenesis [1].
Pertinent for the regulation of spermatogenesis is the precise delivery
of appropriate cargo proteins from the cytosol into the nucleus of differ-
entiated cells such that proteins including transcription factors and
chromatin remodelling proteins coordinate synthesis of the new gene
products needed for each developmental stage. Trafﬁcking between
the nucleus and the cytoplasm occurs through the nuclear pore com-
plexes (NPC) embedded in the nuclear envelope [2]. The process ofNLS, classical nuclear localization
6; SSX2IP, synovial sarcoma, X
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12 Published by Elsevier B.V. All rigprotein import into the nucleus commonly involves recognition by the
importin α/β1 heterodimer of a nuclear localization signal (NLS), typi-
cally comprising one or two short stretches of basic amino acids such
as that found in the simian virus 40 (SV40) large tumor-antigen [3].
The trimeric complex docks at the NPC and translocates through it via
interactions of importin β1 with speciﬁc components of the NPC. Once
inside the nucleus, themonomeric guanine nucleotide-binding protein,
Ran, in its activated, GTP-bound form, binds to importin β1 to promote
complex disassembly and release of the NLS-containing protein to per-
form its nuclear functions [4].
Six importin α proteins have been identiﬁed in mouse: importin
α1/KPNA1/S1, α2/KPNA2/P1, α3/KPNA3/Q2, α4/KPNA4/Q1, α6/
KPNA6/S2 and α8/KPNA7 [4–6]. Each belongs to one of three con-
served subfamilies based on their sequence similarity, referred to
here as the α1 clade (α1/α6), α2 clade (α2/α8) or α3 clade (α3/
α4). Each importin α protein exhibits distinct NLS-binding speciﬁc-
ities and selective expression in various tissues at both the RNA and
protein levels, suggesting that the different importin α subtypes
have specialized cellular roles. Moreover, it was recently demonstrat-
ed that nuclear-localized importin α2 can directly affect transcription
of speciﬁc genes, including Serine/threonine kinase 35 (STK35), in HeLahts reserved.
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each importin α is a multi-functional molecule [4,5]. Switching the
expression of importin α family members, for example, can directly
trigger formation of neuronal cells from ES cells [8], whilst importin
α2 and α4 differentially contribute to the modulation of ES cell
pluripotency [9]. In the case of mammalian spermatogenesis, we pre-
viously demonstrated that importin α proteins display stage- and
cell-speciﬁc patterns of mRNA expression and protein subcellular lo-
calization [10]. This is consistent with the idea that regulated synthe-
sis of importin α proteins with particular substrate speciﬁcity could
play crucial roles in guiding cellular differentiation [4,11].
Although a number of importin α binding partners have been iden-
tiﬁed (eg. using yeast 2-hybrid screening [12]), there has been no com-
prehensive, unbiased approach to document the full complement of
proteins recognized by an individual importin α in a developmental
context. In this study, we employ for the ﬁrst time a proteomic analysis
to deﬁne molecules that bind each of three importin α proteins,
importin α2, α3 and α4, in enriched primary isolates of spermatocytes
or spermatids from rat testis. We identify both nuclear and non-nuclear
importin α binding partners and use a new predictive search tool to
identify classical NLSs in each of them. The results demonstrate the util-
ity of combining unbiased proteomic approaches together with tools to
probe protein function in the context of cellular development in the
germline. Our outcomes highlight the potentially dynamic involvement
of importinα proteins in roles distinct from nuclear transport in testic-
ular germ cells.
2. Materials and methods
2.1. Animals and tissue preparation
Adult Sprague Dawley rats (60–90 days) were obtained from the
Monash University Central Animal Services. Animals were killed by
CO2 inhalation immediately before tissue removal. All investigations
conformed to the NHMRC/CSIRO/AAC Code of Practice for the Care
and Use of Animals for Experimental Purposes and were approved
by the Monash University Standing Committee on Ethics in Animal
Experimentation and the Monash Medical Centre Animal Ethics
Committee.
Testes for immunohistochemical analyses were immersion-ﬁxed
in Bouins ﬁxative for 5 h and then washed in 70% ethanol for storage
and subsequent parafﬁn embedding. Testes for RNA extraction were
snap-frozen in dry ice at collection and stored at −80 °C until use.
2.2. Germ cell isolation
Germ cells were isolated from testes of adult rats using previously
established methods [13]. Animals were sacriﬁced by CO2 inhalation
and the testes immediately removed and ﬁnely chopped. Interstitial
cells were removed by collagenase treatment (25 min, 32 °C,
80 rpm on an orbital shaker), and germ cells were released from
the epithelium with subsequent 0.062% trypsin treatment (20 min,
32 °C, 80 rpm on an orbital shaker). To achieve a single cell suspen-
sion, the preparation was ﬁltered (70 μm cell strainer, BD Biosciences,
CA, USA) and isolated by elutriation (Beckman JE 5.0 elutriation rotor,
Palo Alto, CA, USA) as described [14].
2.3. Purity of isolated germ cell fractions
Approximately 10 million cells from the isolated germ cell fractions
were ﬁxed in Bouins for 30 min, then washed in 70% ethanol,
suspended in 2% warm agar, and then pelleted at 15,500 ×g for 5 min
and embedded in parafﬁn. To distinguish cell types, 5 μm sections
were stained with haematoxylin and viewed under brightﬁeld micros-
copy. Based on chromatin morphology and size, cells were designated
as spermatocytes or spermatids or counted as impurities. The ﬁnalpurity for each fraction was 92% for spermatocytes and 80% for round
spermatids.
2.4. Antibodies
The antibodies used were: anti-importin α2 (karypherin α2, C-20,
Santa Cruz Biotechnology, Inc, CA, USA), anti-importin α3 (KPNA3,
Abcam, Cambridge, UK), importin α4 (KPNA4, Abcam), anti-α-tubulin
(B-5-1-2mAb, Sigma,MO, USA), anti-GFP (Roche,Mannheim, Germany)
and anti-GST (GE Healthcare, Buckinghamshire, UK).
2.5. Immunohistochemistry and western blot
Immunohistochemistry with anti-importin α antibodies was
performed as previously described [15] using Bouins-ﬁxed adult rat tes-
tis tissue. The experiments were repeated at least two times on two dif-
ferent samples, with qualitatively identical results obtained. Western
blotting in Fig. 1E was performed with 30 μg of protein separated on
an 8% sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel. Following transfer, the nitrocellulose membrane was
blocked with 3% skim milk in TBS (20 mM Tris–HCl [pH7.5], 150 mM
NaCl) for 1 h and probed with primary antibody in 3% skim milk in
0.1% Tween-20 in TBS (TTBS). The ﬁnal concentration of each antibody
was: anti-importin α2 (0.2 μg/ml), anti-importin α3 (0.5 μg/ml),
anti-importin α4 (1 μg/ml) and anti-α-tubulin (0.03 μg/ml). Anti-goat
IgG-Alkaline Phosphatase (AP) conjugated secondary antibody
(Sigma-Aldrich, Sigma, MO, USA; 1:1000 dilution) and anti-mouse
IgG-AP antibody (Silenus, VIC, Australia; 1:1000 dilution) in 3% skim
milk in TTBS were incubated for 1 h at room temperature, and the
bandswere detectedwithNBT-BCIP (One-Step; ThermoScientifc, Rock-
ford, IL, USA).
2.6. Immunoprecipitation
Ten million puriﬁed spermatocytes or spermatids were placed in
4 ml Lysis buffer (50 mM Tris–HCl [pH7.3], 150 mM NaCl, 1% NP-40,
0.5% Tween-20, 0.1% SDS, 1 mM EDTA, protease inhibitor (used at
1:100, Protease Inhibitor Cocktail Set III, Calbiochem/EMD Chemicals
Inc., La Jolla, CA, USA)) on ice and sonicated for 2 cycles (30 s on/
30 s off, high-energy settings) using an Ultrasonics homogenizer
4710 series (Cole Palmer Instrument, Chicago, IL, USA). Insoluble ma-
terial was removed by centrifugation at 10,000 ×g at 4 °C for 10 min,
and the supernatant precleared using Protein A/G PLUS-Agarose
(4 ml the lysate with 60 μl beads; Santa Cruz) at 4 °C overnight.
After centrifugation to collect beads at 1000 ×g, at 4 °C for 5 min,
the pre-cleared cell lysates were incubated with 10 μl Protein A/G
PLUS-Agarose beads and 1–1.5 μg of each primary antibody speciﬁc
for importin α2, α3 and α4 at 4 °C for 12 h. The beads were washed
5 times with 1 ml Lysis buffer (1 min each) and bound proteins elut-
ed by addition of SDS-PAGE loading buffer (50 mM Tris–HCl [pH 6.8],
10% glycerol, 2% SDS, 2% β-mercaptoethanol and 0.1% Bromophenol
Blue). Samples were denatured by boiling and separated in 10%
SDS-PAGE gels. Gels were silver stained using Dodeca Silver Stain
kit (Bio-Rad) and regions of the gel excised and analyzed by mass
spectrometry (MS).
2.7. In-gel tryptic digest, peptide separation by nano-ﬂow liquid
chromatography and mass spectrometry
Protein spots of interest were excised manually and tryptic digests
and LC-MS were performed as previously described [16].
2.8. Analysis of MS/MS data
For protein identiﬁcation the derived mass spectrometric data were
converted to TurboSequest™ (Thermo-Scientiﬁc) generic format (*.dat)
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Fig. 1. Cellular localization of importin (IMP)α2,α3 andα4 in adult rat testis. Results for immunohistochemical detection in adult rat testes sections. (A, B) importinα2, (C) importinα3,
and (D) importinα4. Insets showcontrol sections using noprimary antibody. PS, pachytene spermatocyte; RS, round spermatid; ES, elongating spermatid; SeC, Sertoli cell; Ley, Leydig cell.
Bar=40 μm. (E)Western blot analysis using speciﬁc antibodies to detect importinα2,α3,α4 andα-tubulin (loading control) in extracts of whole adult rat testis (W), puriﬁed pachytene
spermatocytes (PS) and round spermatids (RS).
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searched against the International Protein Index (IPI; Ref. [17])
Rattus database (version 3.33, released 12/06/2006, European Bioin-
formatics Institute, www.ebi.ac.uk/IPI/) containing the forward
sequence of all 51,252 proteins in the data set using the
TurboSequest™ search algorithm (version 3.2). Search parameters
were speciﬁed as follows: oxidized methionine was set to differen-
tial modiﬁcation, the number of allowed missed cleavages to 1.0,
peptide tolerance to 1.0, intensity threshold to 100, parent ion selec-
tion to 1.4 Da and fragment ion tolerance to 0.7 Da. Protein identiﬁ-
cations were based on single peptide hits using the followingrigorous ﬁltering standards: a minimum cross-correlation score
(Xcorr) of 2.9 was required for peptides with a charge state of +1
or +2, and 3.2 for peptides with a charge state of +3. In addition,
collision-induced dissociation (CID) spectra were all manually vali-
dated on a residue by residue basis to ensure correct assignment of
the y and b ion series.
2.9. Cell culture and transfection
HeLa cells were cultured in Dulbecco's modiﬁed Eagle's medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10%
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QLD, Australia) at 37 °C in a 5% CO2 atmosphere.
HeLa cells were plated onto 18×18 mm coverslips (Menzel-Glaser,
Braunschweig, Germany) in 6-well plates 1 day prior to transfection,
which was performed using the TransIT-LT1 Transfection Reagent
(Mirus, Madison, WI, USA). Cells were ﬁxed 24 h post-transfection
using 3.7% formaldehyde in PBS, and the EGFP-tagged proteins detected
using a Leica DC200 ﬂuorescence microscope (Leica Microsystems,
Heerbrugg, Germany).
2.10. Cloning and plasmid construction
RNA was isolated from adult mouse testis samples using TRIzol
(Invitrogen) or the Qiagen RNeasy Mini kit (Qiagen, Hilden, Germany).
Reverse transcription was performed using Superscript III (Invitrogen).
Smc6 and Ssx2ip cDNAs were ampliﬁed using the speciﬁc primers listed
in Table S2. The full-length Smc6 or Ssx2ip coding sequences were
cloned into the pEGFPC1 or the pEGFPC2 vector, respectively (Clontech,
Palo Alto, CA). Truncation derivatives of Smc6 encoding a.a. 1–642 or
642–1097 were ampliﬁed using the primers shown in Table S2 and li-
gated into the pEGFPC1 vector subsequent to BglII–HindIII or HindIII–
KpnI-digestion. The pEGFPC1-Smc6 truncation derivatives encoding
a.a. 1–262, 1–124 and 264–642 were generated from pEGFPC1-Smc6
(1–642 a.a.) by digestion with XmnI–HindIII, EcoRV–SmaI or BglII–XnmI,
respectively. To produce pEGFPC1-Smc6 (48–1907 a.a.), pEGFPC1-Smc6
full-length was digested with BspEI and ligated with PstI linker
(5′-GGCTGCAGCC-3′), prior to deletion of the sequences encoding the
N-terminal 47 a.a. of Smc6 by digestion with PstI. The pEGFPC2-Ssx2ip
truncation derivatives encoding a.a. 1–495 and 165–615were generated
from pEGFPC2-Ssx2ip (1–615 a.a.) by digestion with XmnI–BamHI or
EcoRI–PstI, respectively. To produce pEGFPC2-Ssx2ip (165–495 a.a.),
pEGFPC2-Ssx2ip (1–495 a.a.) was digested with EcoRI and PstI.
For constructs encoding SV40 large T antigen NLS (PPKKKRKVED),
SMC6 NLS Wild-type (Wt: MAKRKEENFCSPENAKRPRQE), SMC6 NLS
N-terminal mutant (Nm: MAAAAEENFCSPENAKRPRQE), SMC6 NLS
C-terminal mutant (Cm: MAKRKEENFCSPENAAAPAQE), and SSX2IP's
bipartite NLS-like sequence (biNLS: KKEMISLLSPQKKKPRERAE) and
the predicted NLS (pNLS: HPRPRQKKPHSVAN), the relevant oligonu-
cleotides (see Table S2) were ligated into the BamHI–SmaI sites of
pGEX2T (GE Healthcare) carrying the GFP gene at the C-terminus of
the multi-cloning site [18].
Full length cDNAs encoding mouse importin α1, α2, α3, α4 or
α6 were inserted into the BamHI–XhoI sites of pGEX6P1 (imp a1,
a3, a4, and a6; GE Healthcare) or BamHI-EcoRI sites of pGEX6P2
(imp a2). Construct integrity in all cases was conﬁrmed by DNA
sequencing (Sequencing Centre at Monash Health Translation
Precinct).
2.11. Puriﬁcation of recombinant proteins
All ﬁve mouse importin α proteins, importin β1 and GST-GFP
fused proteins which encode NLSs were puriﬁed as previously de-
scribed [19]. Importin α proteins, β1 and Ran proteins lacking GST
were prepared by cleavage with PreScission protease (20 units/mg
of fusion protein; GE Healthcare) for 12 h at 4 °C.
Cleavage of GST from the GST-GFP fused protein of each NLS protein
described in Fig. 6was performedusing Thrombin Protease (10 units/mg
of fusion protein; GE Healthcare) in 50 mM Tris–HCl [pH 8.0], 150 mM
NaCl, 2.5 mM CaCl2. Ran protein without GST was equilibrated with
buffer (50 mM HEPES [pH 7.3], 75 mM NaCl, 1 mM MgCl2, 1 mM DTT,
0.1 mM PMSF) and incubated with GDP (Sigma-Aldrich, St. Louis, MO,
USA) to a ﬁnal concentration of 2 mM on ice for 1 h. After incubation,
the protein was equilibrated with buffer (20 mM HEPES [pH 7.3],
100 mMCH3COOK, 2 mMDTT andprotease inhibitor (Protease Inhibitor
Cocktail Set III, Calbiochem) using an Amicon Ultra (10K; Millipore,
Billerica, MA, USA).2.12. Solution binding assay
GST-importin α proteins (100 pmol) immobilized on glutathione-
Sepharose were mixed with 100 pmol each of the GFP-fused NLS
proteins (puriﬁed as described above) and the total reaction volume
adjusted to 200 μl with Transport buffer (TB; 20 mMHEPES [pH 7.3],
110 mM CH3COOK, 5 mM CH3COONa, 2 mM (CH3COO)2 Mg,
0.5 mM EGTA, 2 mM DTT, protease inhibitor (Protease Inhibitor
Cocktail Set III, Calbiochem) containing 0.1% Triton X-100). After in-
cubation for 1 h at 4 °C, the beads were washed 5 times with TB
containing 0.1% Triton X-100 and then resuspended in SDS-PAGE
loading buffer. Binding proteins were detected by western blot
using anti-GFP mAb.
2.13. ELISA
ELISA was performed as described previously [20]. One hun-
dred microliters containing 0.5 μg of each NLS recombinant
protein (SV40TNLS-GFP or SMC6NLS-GFP) in coating solution (50 mM
NaHCO3 [pH 9.6]) was applied to each well of a 96 well plate that was
then incubated at 4 °C for 16 h. After shaking, 300 μl Hybridization
Buffer (HB: 80 mM HEPES [pH7.4], 440 mM KCl, 20 mM NaHCO3,
20 mM MgCl2, 4 mM EGTA, 0.4 mM CaCl2, 1 mM DTT) with 1% BSA
(HB+BSA)was added to eachwell and incubated at room temperature
for 1 h, then the platewashedwith 300 μl HB/well 3 times. Formixtures
of GST-importin α and importin β1 recombinant proteins, α:β1 at a
1:1.2 molar ratio in HB+BSA were pre-incubated at room temperature
for 30 min before dilution of GST-importin α to a ﬁnal concentration of
230 nM. The protein mixtures were added to the plate (100 μl/well) in
duplicates in serial 2-fold dilutions starting from 230 nM. The plate was
incubated for 16 h at 4 °C with shaking. After washing, 100 μl of an
anti-GST primary antibody (GE Healthcare) was added to each well at
a 1:1000 dilution in Antibody Binding Buffer (ABB; 1× PBS, 0.3%
Tween-20, 1% BSA) and incubated at room temperature for 3 h. The
plate was washed 9 times with ABB, followed by addition to each well
of 100 μl of anti-goat IgG alkaline phosphatase conjugated antibody
(Sigma-Aldrich, St. Louis, MO, USA; 1:25,000 in ABB) and incubated for
1 h at room temperature. Finally 100 μl substrate solution (Phosphatase
substrate tablets, Sigma-Aldrich ﬁnal concentration of 1 mg/ml, 10%
diethanolamine, 0.5 mM MgCl2 [pH 9.6]) was added prior to reading
the absorbance kinetics at 405 nm on a FLUOstar OPTIMA (BMG
Labtech, Germany) every 5 minup to 90 min. Rates (mOD/s)wereﬁtted
against [GST-importin α] to obtain a hyperbolic saturation curve.
The curve was ﬁtted to a single site binding hyperbolic equation
[Y=Bmax×X/(Bmax+X)] to yield Kd values. Duplicate samples
were measured in at least three independent experiments.
2.14. Microinjection
HeLa cells were grown to semi-conﬂuence in 60 mm plates prior
to microinjection using an Eppendorf FemtoJet injection system
(Eppendorf, Hamburg, Germany). Samples of 1 mg/ml GST-GFP or
GST-GFP fusion proteins encoding NLS sequences in TB containing
1 mg/ml Alexa546-conjugated antibody as an injection marker were
ﬁltered prior to injection through a Nanosep MF centrifugal device
with a GH Polypro (GHP) membrane (0.45 um; Pall Life Sciences,
Ann Arbor, MI, USA) and then injected into the cell cytoplasm using
Femtotips II (Eppendorf). After incubation for 30 min at 37 °C,
injected ﬂuorescent proteins were visualized by ﬂuorescence micros-
copy (Olympus IX71, Tokyo, Japan).
2.15. In vitro nuclear import assay
Digitonin-permeabilized HeLa cells were prepared as described pre-
viously [18]. The reaction solution contained 20 pmol of GFP-tagged
protein, 10 pmol each of importin α2 or α4, importin β1 and NTF2/
735Y. Miyamoto et al. / Biochimica et Biophysica Acta 1833 (2013) 731–742p10 (Sigma-Aldrich), 40 pmol of Ran-GDP and anATP regenerating sys-
tem (1 mMATP, 20 U/ml of creatine kinase, 5 mMphosphocreatine) in
TB containing 2% BSA in a total volume of 10 μl. After 30 min, the
GFP-tagged proteins were visualized by ﬂuorescence microscopy
(Olympus IX71).
3. Results
3.1. Cellular expression proﬁles and localization of three importin α proteins
in adult rat testes
We set out to use an unbiased approach to identify binding part-
ners of importin α2, α3 and α4. As a ﬁrst step, the cellular expression
and localization proﬁles for each importin α were determined in
adult rat testis by immunohistochemistry. As observed previously in
mouse testis [12], the importin α2 protein was detected in the cyto-
plasm of pachytene spermatocytes, round spermatids, elongating
spermatids and Leydig cells (Fig. 1A, B). A signal was also uniquely ev-
ident in the nucleus of pachytene spermatocytes, the staining clearly
overlapping with chromatin staining (Fig. 1B). Importin α3 was
broadly distributed in the cytoplasm of pachytene spermatocytes,
round spermatids and elongating spermatids (Fig. 1C). In contrast,
importin α4 was predominantly detected in the nucleus of pachytene
spermatocytes, round spermatids and Sertoli cells, whilst weak cyto-
plasmic signals were detected in meiotic and post-meiotic germ cells
(Fig. 1D). Antibody speciﬁcity was demonstrated by western blot
analysis (Fig. 1E), with a single band of the expected size identiﬁed
in lysates of whole testis and puriﬁed spermatocytes and spermatids;
additionally, a faint band of a higher molecular weight (~130 kDa)
was recognized by the anti-importin α3 antibody in the whole testis
sample.
3.2. Identiﬁcation of importin α binding proteins in rat spermatocytes
and spermatids
To search for molecules with the capacity to bind individual importin
α proteins, highly enriched preparations of both spermatocytes and
spermatids were generated by elutriation. These cells were then
solubilized in 1% Triton X-100 and used as the basis for co-
immunoprecipitation with speciﬁc importin α antibodies. Fig. 2 il-
lustrates the candidate binding proteins pulled down by each
importin-α antibody. Individual bands were excised and analyzed(kDa)
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were identiﬁed unequivocally [17], reﬂecting the fact that some of
the excised bands contained multiple proteins (Table 1). Fig. 3A
shows the speciﬁc gene products identiﬁed by immunoprecipitation
with each importin α in each spermatocytes and spermatids. There
was no overlap in binding partners identiﬁed for any of the distinct
importin αs, with the almost complete absence of overlap in
importin α binding partners between these two cell types. The ex-
ceptions were ZFP386 and VPS8, which were uniquely bound by
importin α3 and importin α4, respectively, in spermatocytes and
spermatids (Fig. 3A).
Broad molecular functions were assigned for each protein
according to the PANTHER classiﬁcation system (Fig. 3B; Table 1;
[21]). The majority of candidate binding proteins fall into one of
four main categories, with the largest proportion (27%) listed under
“Metabolic process”, including DNA repair, replication and protein
synthesis. The other categories were “Transport”, including protein
transport, vesicle-mediated transport and lysosomal transport, “Cel-
lular processes” including cell communication, cell-cell signalling
and signal transduction, and “Developmental processes” including re-
production and gamete formation. Whilst limited in precision, these
classiﬁcations show the potential for importin α binding partners to
function in both nuclear and cytoplasmic compartments, highlighting
the value of understanding the physiological or developmental signif-
icance of their interactions with importin α proteins.3.3. Prediction of classical nuclear localization signals
Kosugi and colleagues recently deﬁned new algorithms to identify
classical importin α/β1 pathway-speciﬁc NLSs in creating the cNLS
Mapper computer program (http://nls-mapper.iab.keio.ac.jp/cgi-bin/
NLS_Mapper_form.cgi [22]). To test the capacity for cNLS Mapper to
ﬁnd putative NLS sequences recognized by importin α proteins in our
list of binding partners, we ﬁrst independently assessed the program's
prediction accuracy by surveying 15 known nuclear proteins using a
cut-off of scores above 6 to indicate the presence of a cNLS (Table S1).
The well-characterized NLS of SV40 large T-antigen, 125PPKKKRKVED134
[3,19], was identiﬁed (the 125PPKKKRKVEDPKDF138 sequence) with the
highest score of 16.0. For the other 14 proteins, almost all of the pre-
dicted NLSs overlapped with, or were close to, experimentally vali-
dated NLSs. We found only two exceptions: one of the two BRCA1
NLSs, 606PKKNRLRRKS615 [3,23], was not predicted, and for DAXX,3
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Table 1
IMPαs binding proteins identiﬁed by mass spectrometry.
Band no Germ
cells
IP: IMPα
antibodies
IPI acc. no Gene name Abbreviation‡ Length¶
a.a.
Xcorr Molecular functions†
1 PS IMPα3: IPI00200926 Regulating synaptic membrane exocytosis 2 RIMS2 1557 10.12 Small GTPase regulator activity
IPI00189783 KRAB-zinc ﬁnger protein KZF-1 ZFP386‡ 589 30.19 Transcription factor activity
IPI00201112 Dynein cytoplasmic 2 heavy chain 1 DYNC2H1 4306 26.15 Microtubule motor activity
IPI00363995 Pseudouridylate synthase 7 PUS7 660 6.14 Catalytic activity
IPI00366805 Small nuclear ribonucleoprotein 40 (U5) SNRNP40 358 16.17 RNA splicing factor activity
IPI00203214 Eukaryotic translation elongation factor 2 EEF2 858 48.16 Translation regulator activity
IPI00363762 Enolase 4 ENO4 602 10.14 Lyase activity
IPI00192609 Synovial sarcoma, X breakpoint 2 interacting protein SSX2IP 613 20.16 Cell adhesion molecule
2 RS IMPα4: IPI00372956 Structural maintenance of chromosomes 1 beta SMC1β 1247 10.15 Chromatin-binding protein
IPI00470280 Olfactory receptor 614 OLR614 316 10.16 G-protein coupled receptor activity
IPI00765101 LOC686590 LOC686590 961 22.19 Small GTPase regulator activity
IPI00362062 Vacuolar protein sorting 8 homolog VPS8‡ 1430 28.16 Protein transport
3 PS IMPα4: IPI00558967 Myotubularin related protein 4 MTMR4 1191 8.13 Protein tyrosine phosphatase
IPI00362062 Vacuolar protein sorting 8 homolog VPS8‡ 1430 10.17 Protein transport
IPI00371105 Neurobeachin-like 2 NBEAL2 2745 24.16 Protein binding
4 RS IMPα3: IPI00189783 KRAB-zinc ﬁnger protein KZF-1 ZFP386‡ 589 18.16 Transcription factor activity
IPI00766161 RGD1307722 RGD1307722 476 18.19 Unknown
IPI00210566 Heat shock protein 90 kDa alpha HSP90α 733 16.18 Molecular chaperones
IPI00369217 TNF receptor-associated protein 1 TRAP1 706 16.18 Molecular chaperones
5 RS IMPα2: IPI00208152 Meningioma expressed antigen 5 MGEA5 916 18.17 Histone acetyltransferase
6 RS IMPα2: IPI00360352 Structural maintenance of chromosomes 6-like 1 SMC6L1 1097 14.16 Chromatin-binding protein
IPI00357941 Protein tyrosine phosphatase, receptor type, D PTPRD 1801 30.18 Protein tyrosine phosphatase
7 RS IMPα3: IPI00207361 Centrosomal protein 350 kDa CEP350 3079 60.15 Centrosomal protein
8 RS IMPα3: IPI00230937 Phosphatidylethanolamine binding protein 1 PEBP1 187 28.26 Kinase regulator activity
PS: pachytene spermatocyte, RS: round spermatid.
‡ Peptides for ZFP386 or VPS8 were identiﬁed in >1 sample.
¶ In some cases the molecular weight identiﬁed does not correspond with the predicted molecular weight from the primary sequence, which may be attributed to protein
degradation, post-translational modiﬁcation, or aberrant electrophoretic mobility in SDS gels (Shirai et al., 2008, JBC;283(16):10745–10752).
† Molecular functions were assigned for each protein according to the PANTHER classiﬁcation system.
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6.0, and the validated cNLS 218PDSAYLQEARLKRKLIR234 [24] was identi-
ﬁed (225EARLKRKLIRL235) with a score of only 3.0.
Since the program performance was generally robust, we used it
to search for putative cNLSs in the candidate importinα binding pro-
teins in Table 1. Eleven of the proteins exhibited one to three cNLS or
NLS-like sequences with a score of 6.0 or greater (Table 2). Interest-
ingly, some of these, DYNC2H1 [25], SSX2IP [26], MTMR4 [27], PTPRD
[28] and PEBP1 [29], have been reported to be exclusively cytoplas-
mic, although the human orthologue of SSX2IP was observed to
have nuclear distribution in NRK [30] and HeLa cells [31], as de-
scribed below. These observations raise the distinct possibilities
that these proteins may have undiscovered functions in the nucleus
or that their interactionwith importinα proteins relates to functions
unrelated to nucleocytoplasmic transport.
3.4. A bipartite nuclear localization signal identiﬁed in the N-terminus of
SMC6
To assess the NLSs prediction capacity of cNLS Mapper to identify
importinα binding proteins, we selected two of the candidates identiﬁed
in this study. One of these, structural maintenance of chromosomes 6
(SMC6; original name SMC6L1 in rat, IPI00360352 in Table 1), was iden-
tiﬁed in the round spermatid lysate precipitated with an anti-importin
α2 antibody. The other, synovial sarcoma, X breakpoint 2 interacting pro-
tein (SSX2IP: IPI00192609), known also as afadin- andα-actinin binding
protein (ADIP), was identiﬁed in the spermatocyte lysate, and was pre-
cipitated by the anti-importin α3 antibody (Table 1). The human SMC6
transcript level is known to be especially high in the testis relative to
other organs. The protein forms a heterodimer with SMC5 to function
in various DNA repair responses, including DNA double-strand break re-
pair [32,33]. The mechanism of SMC6 nuclear localization has not been
previously examined directly, although an unvalidated NLS has been pre-
dicted within the N-terminus of the human orthologue [32]. Table 2
shows that cNLS Mapper identiﬁed a bipartite-like NLS within the
N-terminus (1–21 a.a.) with a relatively high score of 8.4, overlappingwith the region speculated to be an NLS in human, as well as in yeast,
SMC6 [32,34].
As a ﬁrst step for assessing potential NLSs in the rodent SMC6 pro-
tein, we constructed a series of truncation derivatives of mouse SMC6
fused to GFP for transient transfection into HeLa cells. As shown in
Fig. 4A and B, the N-terminal domain, composed of amino acids
1–124, exhibited nuclear localization, as did the full-length SMC6.
Mutants lacking the N-terminus corresponding to residue numbers
264–642, 642–1097 or 48–1097 displayed cytoplasmic localization.
Together, the results imply strongly that the ﬁrst 48 residues of
SMC6 are essential for nuclear accumulation.
To further test the capacity of the predicted N-terminal 21 amino
acids of SMC6 to function as an NLS, constructs encoding chimeric pro-
teins with a.a. 1–21 inserted between GST at the N-terminus and GFP at
the C-terminus were generated. These were expressed in bacteria, puri-
ﬁed and microinjected into the cytoplasm of HeLa cells. In addition, to
test the bipartite nature of the predicted NLS, we also generated con-
structs encoding fusion proteins with mutations within N- (Nm) and C-
(Cm) terminal basic amino acid clusters of the NLS (Fig. 4C) and
expressed and assayed them in the same way. At 30 min after microin-
jection, GST-SMC6 (1–21 a.a.)-GFP exhibited strong nuclear localization,
in contrast to both mutant derivatives, which showed exclusively cyto-
plasmic localization (Fig. 4C; ﬂuorescence images). This demonstrates
that the N-terminal 21 residues of SMC6 represent a bipartite NLS sufﬁ-
cient to mediate nuclear localization of a heterologous protein.
3.5. The predicted NLS sequence in SSX2IP is insufﬁcient to direct its
nuclear accumulation
The subcellular distribution of SSX2IP has previously been
recorded at cell–cell adherence junctions and in perinuclear regions,
such as the Golgi complex [26,30]. In addition, its nuclear localization
has been reported in NRK cells [30] and in HeLa cells when the
protein included the predicted bipartite NLS-like sequence
(285KKEMISLLSPQKKKPR300, referred to as biNLS in this study) [31],
which is conserved in the human, mouse and rat orthologues. The
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tween 514 and 523 (RPRQKKPHSV, referred to as pNLS) in rat
SSX2IP (Table 2). However, the full-length mouse SSX2IP EGFP-Table 2
Prediction of IMPα binding sequences in proteins identiﬁed using cNLS Mapper.
Name Score (≥6) Predicted NLS-like sequences
SNRNP40 14.4 4QQKRKGPELPLVPVKRPRHE23
7.0 15KKSKRRNCHC23
CEP350 7.0 578PVISKKRHYD587
11.0 1724MPPLRKKQRGL1734
7.8 2041RALKGELRKRKSVVEQLKKEQRKRQKER2068
SMC1β 8.5 1055EQVKRRRYDAF1065
SMC6 8.4 1MAKRKEENFCSPENAKRPRQE21
MGEA5 7.5 786VTPFIKKCKISWIPF800
DYNC2H1 7.0 3123EDRKRKLEDL3132
PUS7 6.8 8LKRGCLVVEDNDSVTPHEETKKQKVSEG35
SSX2IP 6.5 514RPRQKKPHSV523
MTMR4 6.0 1124WLAKRRHHCR1133
PTPRD 6.0 1177LLYKRKRAES1186
PEBP1 6.0 151VESFRKKYHLG161
Cen: Centrosome, CJ: Cell junction, Cyt: Cytoplasm, ER: Endoplasmic Reticulem, Glg: Golgi
MT: Microtuble, Mit: Mitochondoria, Nu: Nucleus, PM: Plasma Membrane, Un: Unknown.
⁎ Subcellular localization deduced from references in the column (Ref.).
† Antibodies used for immunoprecipitation.tagged fusion protein and its derivatives did not exhibit nuclear lo-
calization in HeLa cells (Fig. 5A, B). Moreover, we assessed the nucle-
ar import activity of both biNLS and pNLS with GST-GFP fusion
recombinant proteins by cytoplasmic microinjection in HeLa cells
and in the mouse germ cell line, GC-2 (data not shown), and neither
construct exhibited nuclear localization (Fig. 5C).
3.6. Validation of importin α binding and nuclear transport activity
Since SMC6 and SSX2IP were identiﬁed in this study as interacting
with importin α2 and α3, respectively, a pull-down assay was used to
assess the extent to which the NLS sequences are selectively recognized
by each importin α in vitro. All 5 mouse importinα proteins were puri-
ﬁed as GST fusion proteins, immobilized on glutathione-Sepharose
beads and then incubated with SMC6NLS-GFP, SSX2IPbiNLS-GFP,
SSX2IPpNLS-GFP or SV40TNLS-GFP. Proteins bound to importin αs
were subsequently eluted and detected bywestern analysis using a spe-
ciﬁc anti-GFP antibody. SMC6NLS-GFP interacted with all importin αs
and to the same extent as SV40TNLS-GFP under conditions in which
GFP alone did not bind (Fig. 6A). To conﬁrm that the interactions with
importin αwere dependent on the SMC6 NLS, two mutant derivatives,
SMC6NLSNm-GFP and SMC6NLSCm-GFP, were also assessed with re-
spect to GST-importinα2 andα4. Both showed amarkedly reduced in-
teraction (Fig. 6B), clearly indicating that the bipartite NLS of SMC6 is
recognized by all importinαs tested. On the other hand, both predicted
NLSs in SSX2IP did not show binding with the importinα proteins test-
ed, including importin α3 with which it had been originally identiﬁed
as a binding candidate in spermatocytes (Fig. 6A). This indicates its
binding site is either cryptic or relies on a co-factor.
We determined the binding afﬁnity between importin αs and the
SMC6 NLS using an ELISA assay in the presence and absence of recom-
binant importin β1 protein, as previously [20,35], using SV40TNLS-
GFP as a positive control. Importin α2/β1 and importin α4/β1 bound
SMC6NLS-GFP with high afﬁnity (Table 3; apparent dissociation con-
stants, Kds, of approximately 9 and 15 nM, respectively, compared to
lower binding/binding afﬁnity in its absence, see also Fig. 6C), consis-
tent with previous reports indicating that importin α binds NLSs with
signiﬁcantly higher afﬁnity in the presence of importin β1 [36]. Neither
importin α showed appreciable binding to the SMC6 NLSNm-GFP or to
the Cm-GFP fusion proteins (Fig. 6C).
To determine the functional capacity of the SMC6 NLS, we
reconstituted nuclear transport in digitonin-permeabilized, semi-intact
HeLa cells. In the presence of Ran, GST-SMC6NLS-GFP accumulated
efﬁciently in the nucleus in the presence of importin α2 or α4 to-
gether with importin β1, but not in the presence of importin β1
alone (Fig. 6D). The fusion protein was also transported into theSubcellular localization⁎ Ref. Anti-IMPα antibodies†
Nu [40] IMPα3
Cen/Glg/MT/Nu [43] IMPα3
Nu [41] IMPα4
Nu [32] IMPα2
Cyt/Nu [42] IMPα2
Cyt/Glg/MT/PM [25] IMPα3
Un – IMPα3
CJ/Glg/Nu [26,30,31] IMPα3
ER [27] IMPα4
PM [28] IMPα2
Cyt/PM [29] IMPα3
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was present (data not shown). No nuclear localization was conferred
by the SMC6 NLS in the presence of importin α alone (data not
shown). We conclude that the SMC6 NLS confers nuclear transport,
generally via importin α/β1, with recognition by all the different
importin αs potentially functional for nuclear import in cells.
3. Discussion
This is the ﬁrst study to reveal the α-importome for several differ-
ent importin αs (α2, α3 and α4) from spermatogenic cells of the
mammalian testis in which they are expressed in a stage- and cellular
localization-speciﬁc manner (Fig. 1). In this study, highly puriﬁed
spermatocytes and spermatids were used as the material for an unbi-
ased proteomic screening approach incorporating, for the ﬁrst time,
the use of immunoprecipitation to preserve native interactions dur-
ing the capture of binding partners [37,38]. Our study was designed
speciﬁcally to identify all bands which represent selective interac-
tions for individual importin α proteins occurring in two develop-
mentally distinct germ cell types. It is our prediction that rare,
speciﬁc interactions are likely to represent key developmental
switches in these and other cellular transitions. Of the proteins iden-
tiﬁed by mass spectrometry, ZFP386 [39], SNRNP40 [40], SSX2IP
[30,31], SMC1β [41], SMC6 [32], MGEA5 [42] and CEP350 [43] are
all known to localize in the nucleus, with application of the cNLS
Mapper algorithm implying that several reported cytoplasmic pro-
teins that bind to importin α proteins may do so through cNLSs
(Table 2); only ZFP386 of these proteins was not predicted to contain
an cNLS by cNLS Mapper.We selected SMC6 to validate both the recognition by importin α
and the capabilities of cNLS Mapper. This program predicted a bipar-
tite NLS within SMC6's N-terminal 21 residues with a score of 8.4
(Table 2), a sequence which overlapped with a previously predicted
NLS in yeast and human SMC6 [32,34]. Transient transfection experi-
ments using SMC6 truncation derivatives indeed conﬁrmed that
SMC6 nuclear localization was dependent on this sequence, and to-
gether with microinjection experiments, established that the NLS is
sufﬁcient to target a GST-GFP recombinant fusion protein to the nu-
cleus (Fig. 4). In addition, interactions with importin α were con-
ﬁrmed directly, and the predicted bipartite NLS shown to be
functional for importin α binding and importin α/β1-dependent nu-
clear import in vitro (Fig. 6). These results demonstrate the power
of using our non-biased, proteomic approach to identify importin α
binding proteins in combination with the cNLS Mapper to assist
validation.
In contrast, the other candidate, SSX2IP, did not exhibit nuclear lo-
calization in HeLa cells (Fig. 5) and its predicted NLS sequences were
not recognized by importin αs, unlike SMC6 (Fig. 6A), although
SSX2IP has been previously identiﬁed in the nucleus of NRK cells
and HeLa cells [30,31]. Whilst we cannot exclude the possibility that
SSX2IP can distribute in the nucleus of cells and tissues in the pres-
ence of a binding partner such as SSX2 [31], our result provides an im-
portant challenge for improvement of current NLS prediction
algorithms, as discussed below.
There are a growing number of tools available for the prediction of
nuclear localization signals or importin α binding sequences (see re-
view [3]). Kosugi and colleagues developed cNLS Mapper using amino
acid replacement analysis in budding yeast [22], and we suggest this
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quences suited for the structural features of the budding yeast importin
α, Kap60p/Srp1p. As shown in Table S1, cNLS Mapper displayed high
speciﬁcity for many known NLSs which were originally described in
mammalian cells, demonstrating the efﬁcacy of this new algorithm for
mammalian NLS identiﬁcation. However, we observed that proteins
demonstrated to bind to members of the importin α1 subfamily α1
clade or α2 clade [CBP80 (score: 15.4), Nucleoplasmin (12.0), LEF1
(12.0), mCRY2 (11.4), DNA helicaseQ1 (8.5) and HHV-6 U69 (7.5)]
showed higher relative scores than those known to bind speciﬁcally to
the clade α3 proteins [RCC1 (8.7), RNA helicaseA (7.5), NF-κB p50
(7.0), RAC3 (6.8), RANBP3 (6.5), p53 (6.2) and DAXX (3.0, 6.0 and
7.5); summarized in Table S1].
With regard to the candidate proteins identiﬁed in this study, all 3 of
the importin α2-binding proteins were found to contain an NLS recog-
nized by cNLS Mapper, but only 6 out of 13 importin α3-binding pro-
teins and 2 out of 6 importin α4-binding proteins were predicted to
contain an NLS (Table 2). This implies that cNLSMapper more efﬁcient-
ly identiﬁes NLSs in importin α2-recognized cargoes than in those
recognized by α3 or α4. Since Kap60p is evolutionarily close to the α1
clade [6], the apparent bias of cNLS Mapper to predict NLS sequences
for clade α1 or α2- rather than the clade α3-recognized cargoes may
reﬂect subtle structural differences between the cNLS motifs for the
respective importin αs. Alternatively, this outcome may more likely
reﬂect the disproportionately greater availability of cNLS data
amongst the different importin α family members. To understand the
highly complex features relating to NLS-recognition and its closely-
related cargo transport mechanisms, further development of NLS pre-
diction algorithms is required to accommodate not only characteriza-
tion of NLS sequence speciﬁcity, but also the unique structural
features of each importin α clade and protein [44].
An intriguing observation from this study was the identiﬁcation of
RIM2 as an importin α binding partner. A role for RIM in mediating
acrosomal exocytosis in mature sperm due to its function as a
Rab3A effector protein was recently demonstrated [45]. The proteinappears localized to the perinuclear theca of spermatozoa, a region
recently identiﬁed to be the site of KPNA1/6 association with a unique
histone variant, SubH2Bv, in bovine sperm [46]. These exciting results
highlight the need to further interrogate the potential for importin α
proteins to serve roles distinct from classical nucleocytoplasmic
transport but in alignment with their original discovery as molecular
scaffolds. We anticipate that such roles will be extremely revealing
with regard to nature of assembly of cell-speciﬁc structures in many
developmental processes.
Through this study, our combined utilization of (a) unbiased identi-
ﬁcation of importin α binding proteins through immunoprecipitation/
mass spectrometry, (b) prediction of potential cNLSs and/or importin
α-recognized sequences and (c) experimental validation has demon-
strated the need to evaluate the potential for importin α proteins to
serve multiple roles in highly specialized developmental processes
such as male germ cell differentiation. Future work in this laboratory
is focussed on evaluating the functions of individual importin αs in
testis development in relationship to their interactionswith their various
binding partners.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamcr.2012.11.005.Acknowledgements
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Table 3
Importin binding parameters for the SMC6 NLS as determined using an ELISA-based assay.
IMPα2 IMPα2/β1 IMPα4 IMPα4/β1
Kd (nM) Bmax (% α2/β1) Kd (nM) Bmax (% α2/β1) Kd (nM) Bmax (% α2/β1) Kd (nM) Bmax (% α2/β1)
SV40T NLSa 56.2±14.0 51.2±8.3 15.7±1.6 100.0 47.8±7.4 105.7±5.2 19.8±4.1 107.5±5.1
SMC6 NLSb 29.0±10.3 45.6±10.4 9.4±1.2 95.6±2.3 UD⁎ 22.8±9.2 14.9±2.8 90.0±4.5
Data represent the mean±S. E. (n=3) for the apparent dissociation constant (Kd) and maximal binding determined by ELISA-based assay.
Bmax expressed as percent increase in signal due to IMPα2/β1 binding to SV40T NLS-GFP.
a Signiﬁcant differences (t-test) were observed between Kd values for IMPα2 in the absence or presence of IMPβ1 (SV40TNLS: p=0.0154 and SMC6NLS: p=0.0427).
b Signiﬁcant differences (t-test) were observed between Kd values for IMPα4 in the absence or presence of IMPβ1 (SMC6NLS: p=0.0211).
⁎ Unable to be determined due to low binding; R2 values 0.74-0.87.
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